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INSTANTANEOUS CURRENT CONTROL FOR 
STATIC INVERTERS ' 

BACKGROUND OF THE INVENTION 
1. Field of the Invention - 

Thisinvention relates to solid state inverters. More 
particularly it relates to inverters utilizing silicon con 
trolled recti?ers (SCR) which have the capability for 
rapidly clearing load faults. 

2. Description of the Prior Art 
It may be explained here that in applications of unin- 

terruptible power systems (UPS) to large critical loads, 
a requirement for rapid clearing of load faults is often 
necessary. 

In a great majority of installations of large UPS 
equipments, a digital computer is a part of the load to 
be powered. Computers and their peripherals may be 
quite sensitive to power line dips or outages. Typical 
speci?cations for voltage dips to a critical load require 
that deep voltage dips last no longer than 2 millisec 
onds (see FIG. 1). The purpose of installing the UPS is 
to isolate the critical loadfrom the voltage clips and 

2 
‘ the distribution fuses must be much faster than those 
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outages which occur on utility lines. The static UPS, , 
consisting of a battery, recti?er battery charger, and a 
thyristor inverter, is ideally suited to this purpose. 
Having committed the critical load to the UPS, the 

computer user has subjected himself to a new class of 
voltage dips at the critical load. These are the dips due 
to faults in the critical load itself. FIG. 2 shows a one 
line ‘diagram which might be a portion of a real time 
computer installation. A fault in any of the various 
'Ioads such as the one shown at Memory No. 3 may 
draw an extremely large current until its protective fuse 
or circuit breaker can open. In order to prevent such 
a failure in one piece of critical load equipment from 
disturbing the rest of the critical loads, it is necessary 
that the load fault be cleared quickly before the voltage 
dip exceeds the limits of FIG. 1. ~ 
When the critical load is supplied from the utility, a 

large fault current is available at a minimum of voltage 
dip. A typical utility feeder with 3 percent impedance 
will deliver 1000 percent of rated current while voltage 

' dips to 70 percent of normal. If the various portions of ' 
the critical load are protected-by current limiting fuses, 
the large available current will assure that the fuse will 
clear'quickly and the fault will be isolated within the 
two millisecond duration specified. 

If the'power source is a UPS, however, large fault 
currents are not available. It is a characteristic of thy 
ristor inverters that there is a certain instantaneous 
peak current which can be carried (commutated). This 

‘ current is typically in the range of twice rated peak cur 
rent. If this current is exceeded even transiently, the in 
verter will be subject to a commutation failure or 
shoot-through. The commutation failure places a short 
across thebattery which must be cleared by currentv 
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limiting fuses in the inverter cabinet. In‘ order to pre- 7 
vent commutation failures, theUPS must have somev 
feature to limitoutput current by depressing out volt 
age quickly. The maximum short circuit current of UPS 
inverters will be limited by'this feature ‘to about 1.75 
percent or rated. Thus when a loadfault occurs while . 
the critical load is powered by the UPS, the fault cur 
rent will be much smaller and the voltage dip will be 
much deeper than the utility lines would provide. 
In order to meet voltage dip limits as shown in FIG‘. 

l-in the 'event'ofa low impedance fault in the UPS load, 
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which would be satisfactory on utility power. The selec 
tion of a proper fuse rating requires close coordination 
between the characteristics of the fuse and the fault 
current response of the inverter. In some UPS invert 
ers, the largest fuse which can be cleared within the 
voltage dip limits may be as small as 10 percent of the 
UPS rating. By selecting the proper approach to fault 
current control in the UPS inverter, the largest fuse 
may be increased to 25 percent or more of the UPS rat 
ing. A UPS installation using an inverter with good fault 
clearing response and properly coordinated fuses can 
meet the goal of providing uninterruptible power to the 
critical load during faults in the critical load. 

Approaches to Fault Current Control 

There are several approaches now in use to meet lim 
its such as are shown in FIG. -1 in case of faults in the 
critical load. 
Static Transfer to Line . 

I One method which has been successful in the rapid 
clearing of faults is to sense the fault current and 
promptly transfer the criticalload from the UPS to the 
utility source. The high fault current capability of the 
utility lines clears the fault promptly. After the fault is 
cleared, the load is retransferred to the UPS output. Al 
though this solution has been applied successfully in‘ 
many installations, it is not applicable in all installa 
tions. It requires that the UPS inverter be continually 
synchronized with the'utility. It also requires a static , 
transfer switch (thyristors) capable of withstanding the 
fault current the utility can deliver. This may be im 
practical. ' 

High Impedance Filter 
Many older design single phase inverters use a high 

impedance output ?lter. ,This ?lter stores a great deal 
of energy and limits the rate of rise of load current 
passed through the filter to-the inverter. If the fuse in 
the fault is fast enough, it can be blown by the stored 
energy in the ?lter before the fault current can build up 
in the inverter thyristors. This approach isnot suited to 
large UPS applications because the high impedance fil 
ter causes large voltage dips on application of normal 
loads. The high impedance ?lter is also uneconomical 
in large ratings. 
Ferroresonant Transformer 
The inherent current limiting effect of a ferroreso 

nant transformer has also been successfully used to 
limit inverter output current. It, too, is uneconomical, 
bulky, and inefficient in large ratings. 
Control Approaches 

Several approaches have been used in which thyristor 
tiring is used to control fault currents. The design re 
quirements on such. an approach are stringent. The 
fault limiting function should: 
A. Detect the fault quickly enough to reduce output 
voltage before the current gets too high for the in 
verter to commutate. ‘ 

B. In accomplishing requirement A, avoid clamping 
the output voltage to zero or no fault current will 

a be delivered. Do deliver full fault current within 
the first millisecond. ' 

C. Detect immediately when the fault has cleared and 
restore output voltage within much less than 2 mil 
liseconds. The two most commonly used ap 
proaches for fault current control in large UPS in-, 

‘ verters and the impedance inserter and the fast cur. 
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rent limit which acts through the inverter voltage 
regulating function. Each of these approaches has 
been successfully used in some installations, but ' 
neither meetsall of the requirements. 

Static Interrupter Impedance Inserter 
Av static interrupter impedance inserter consists of a 

fault limiting resistance shunted by a pair of anti 
parallel thyristors with forced commutation. It is con 
nected between the UPS and the load so that normal 
load current ?ows through the anti-parallel thyristors. 
When the fault occurs, the interrupter can be opened 

' in a fraction of a millisecond by commutating the thy 
ristors. The fault current delivered will then be con 
trolled by the value of the resistor and the impedance 
of the fault. This approach meets the design require 
ments A and B in that it limits current immediately 
without reducing it to zero. 
Design requirement C is harder to meet in this case 

because of the risk of commutation failure. When the 
fault isvcleared by the branch fuse, the circuit should 
reapply gate pulses to the main thyristors in the static 
interrupter and restore normal voltage to the load. The 
problem which arises is that of determining when the 
fault has cleared. If the instantaneous load current 
drops below rated current, the circuit must distinguish 
between a normal zero crossing of theAC fault current 
and a‘ true removal of the fault. The interrupter must 
not be allowed to reclose until it is certain that the fault 
is cleared or that the interrupter has regained its com 
mutating ‘capability and can'reopen immediately if the 
fault has not cleared. ' 

Acting Through the Voltage Regulator 
Many inverter designs accomplish fault current limit 

ing by a quick acting current limit which depresses out 
put voltage on all phases when the fault is applied. This 
is difficult to do in an inverter with a small series filter. 
If the approach has been successful in meeting require 
ment A and preventing commutation failures, it usually - 
fails to meet requirements B and C. The fault response 
is as shown in FIG. 3. When the fault is applied, the 
three phase output voltage is clamped to zero. As volt 
age is gradually restored, the fault current builds up to 
a value high enough to blow the fuse, but not within 2 
milliseconds. When the fuse clears the fault, the regula 
tor ramps rapidly back up to normal voltage. This rise 
in voltage must beslow enough to limit the voltage and 
to avoid saturating the inverter output transformers 
causing a commutation failure. Because of these limita 
tions, the total time to clear the fault and restore nor 
mal voltage will seldom be less than '16 milliseconds 
and may be much longer. ' 

SUMMARY OF THE INVENTION 

The inverter in accordance with the invention uses a 
fault current control approach which changes the firing 
of the inverter thyristors to control fault current, rather 
than depending on an external static interrupter imped 
ance inserter for this function. It does not, however, 
change the setting of the inverter voltage regulator dur 
ing the fault. Rather, it uses a signal level "subcycle 
current control". This circuit senses instantaneous cur 
rent at the inverter thyristors and changes the firing 
times of the overloaded thyristors to deliver maximum 
output current rather than normal output voltage. 
Those thyristors which are not overloaded by the fault ' 
remain‘under control of the voltage regulator. 

4 
The external performance features resulting from the 

mode of inverter control in accordance with the inven 
tion are shown on FIG. 4. The figure shows that: 

1. Fault current greater than 1.75 times rated is deliv 
5 ered starting at the instant a fault is applied. 

2. Voltage on the faulted phases'is depressed only as 
far as necessary to limit fault current. 

3. Voltage on the unfaulted phases is almost undis 
turb‘ed by the fault. 

4. Voltage on the faulted phase returns to normal im 
mediately, on a subcycle basis, when the fault is 
cleared. _ 

With these performance characteristics, the inverter 
can clear a dead fault and restore normal voltage within 
the time limits of FIG. 1. Branch fuse ratings up to 25 
percent of total UPS capacity can be used and still meet 
FIG. 1 limits. . 

Brie?y, the structural implementation of a preferred 
embodiment of the invention comprises in combination 
with an inverter of the type comprising a set of at least 
two single phase sub-inverters whose outputs are com 
bined to form the total inverter output and which in 
cludes a multiphase transformer having primary and 
secondary windings and means to limit the instanta 
neous current of the subinverters to a predetermined 
value in the event of an overload in one or more of the 
sub-inverters, the improvement which comprises: 
means for modifying the operation of one or more of 
the sub-inverters in the event of an overload condition 
in one or more of the sub-inverters such as to limit the 
instantaneous current in the sub-inverters to a prede 
termined magnitude higher than said predetermined 
value during an overload condition in one or more of 
the sub~inverters. The means includes a plurality of 

35 current sensing means. Each current sensing means is 
operatively connected to a sub-inverter and each oper 
atively connected in circuit with the primary winding of 
the multiphase transformer associated with each sub 
inverter for sensing current at each sub-inverter. 
The arrangement is such that the means is insensitive 

to total inverter output current and the total inverter 
output current may be safely considerably larger than 
said predetermined value than if the current sensing 
means were located in circuit with the secondary wind 
ing of the multiphase transformer associated with each 
sub-inverter and the means to limit the instantaneous 
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current to a predetermined value was set to limit the V 
instantaneous current in the most overloaded sub 
inverter. 
Other features and advantages of the present inven 

tionvand a more complete understanding of the inven 
tion will become apparent from the following detailed 
description, taken in conjunction with the accompany~ 
ing drawings which form a part of this speci?cation. 
The drawings disclose by way of example and not by 
way of limitation, in a preferred embodiment, the prin 
ciples of the invention and a structural implementation 
of the inventive concept. 

BRIEF DESCRIPTION OF. THE DRAWINGS 
FIG. 1 illustrates a typical limit on voltage dip for 

computer loads; 
FIG. 2 illustrates a fault in one branch of a critical 

load distribution network; . 

FIG. 3 illustrates a response of a typical stepped wave 
inverter to a line-to-line fault on phase AB. The fault 
is isolated by a fast fuse; 

5 Us 
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FIG‘. 4 illustrates a response of the inverter with sub 
cycle current control in clearing the samefault through 
the same fuse as in FIG. 3; 
FIG. 5 is a diagrammatic or skeleton schematic of an ~ 

inverter power circuit; 
» FIG.‘5(a) illustrates the normal line-to-line 'output 
from the inverter of FIG. 5; ' 
FIG. 6'illustrates a block diagram of inverter con 

trols; - . 

FIG. 7 illustrates a single phase bridge inverter show 
ing operation of instantaneous fault current control; 
FIG. 7(a) illustrates the operation of a single phase 

inverter of the type shown in FIG. 7 utilizing a prior art 
method of instantaneous current limit; 
FIG. 7 (b) illustrates the waveforms in the circuit of 

FIG. 7 under normal operating conditions; 
FIG. 7 (c) illustrates the waveforms in the circuit of 

FIG. 7 when a severe overload is applied to the in 
verter; 7 

FIG. 8 illustrates the stepped wave voltage resulting 
when the current control described with reference to 
FIGS. 7, 7(a), 7(b) and 7(c) is applied to the individual 
sub-inverters of a stepped wave inverter; 
FIG. 8(a) illustrates one implementation of the com-_ 

mutation limit in accordance with the invention; also 
shown is a sequential truth table for the flip-?ops of 
FIG. 8(a); 
FIG. 8(b) is a timing diagram for the circuit of FIG. 

8(0); . ’ > 

FIG. 9 illustrates three phase voltage and current 
showing clearing of a fault on phase AB through a fuse 
of 25 percent of UPS rating (100 KVA preload); 
FIG. ‘10 illustrates details from the fault clearing test 

shown in FIG. 9; 
FIG.v 11 illustrates a 10 second fault applied to phase 

AB through no protective device; ' 
FIG. 12 illustrates current inrush on energizing a 

power transformer from a utility power source; 
FIG. '13 illustrates current inrush on energizing a 

power transformer from the UPS inverter with subcycle 
current control; 
FIG. 14 illustrates a diagrammatic representation of 

a recorded inrush on energizing a 75 KVA transformer 
from a 480 volt utility power source. (Upper trace is 
voltage, 480 RMS. Lower trace is current, 300 amperes 
peak per vertical division); and 
FIG. 15 illustrates a diagrammatic representation of 

va recorded inrush of the same 75 KVA transformer en 
ergized from the 200 KVA UPS inverter with subcycle 
current control. (Scales same as FIG. 14) 

DESCRIPTION OF THE PREFERRED' 
EMBODIMENT 

Before discussing the operation of the subcycle cur? 
rent control in accordance with the invention, an out 
line of the general design and construction of the in 
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verter with which it is used will ?rst be given. While . 
speci?c design ?gures are given below, these are given 
by way of example only. It is to be understood that the 
invention is applicable to larger'as well as smaller in 
verter design ratings. " 

200 KVA INVERTER DESIGN 

UPS Con?guration 
The UPS system in which this inverter is used has a 

rating of 200 KVA per module. Input and output volt 
age is three phase, 277/480 VAC, 60 Hertz. Battery 
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’ voltage magnitude. 

6 
voltage is 400 VDC nominal. The module con?gura 
tion is of the ?oating battery continuous type with ‘the 
battery always connected across the inverter input. The 
input recti?er is controlled to act as charger to the bat 
tery and simultaneously to supply ‘the inverter during 
normal operation. 
Inverter Con?guration 
The inverter power section is made up of 24 thy 

ristors‘operated to form two conventional 12 step 
waves with ?rst harmonic the 11th. For a more com 
plete description of the power section, see the article 
by PD. Corey, “Methods of Optimining the Waveform 
of Stepped-Wave Static Inverters”, AIEE Paper 
CP62-I 147, Denver, June 17-22, 1962. The two 12 
step waves are operated at variable phase displacement 
from one another, anclv the resulting waves are com 
bined to produce a three phase output wave whose am 
plitude is controlled by the value of ‘ the relative phase 
displacement. 
The thyristors are controlled by an all digital logic 

control. This digital control precisely determines the 
?ring of each thyristor based on a digital voltage com? 
mand. The subcycle current control logic is a part of 
this digital control. 
Power Circuit 
The connection of the power components is a shown 

in FIG. 5. The schematic shown in FIG. 5 with the ex 
ception of the six current transformers CTI through 
CT6 illustrates the power stage con?guration of a typi 
cal 12 stepped wave inverter. The 24 thyristors are ar 
ranged in four three phase bridge inverters. Within 
each three phase bridge the thyristors are ?red at pre 
cisely 120° intervals. The two bridges associated with 
an output transformer are operated at variable phase 
with respect to one another, so that the voltage appear 
ing on each transformer primary is a quasi-square wave 
of variable pulse width. The 12 thyristors associated 
with three transformer T2 are each ?red at exactly 30° 
after the corresponding thyristor in the set of thyristors 
connected to transformer T1. The secondaries of the 
two transformers are combined in a zig-zag connection 
to construct a line-to-line voltage waveform of the de~ 
sired step heights and times. 
The power ?lter consists of a series inductance and 

parallel capacitance to attenuate the 11th, 13th, and 
higher, harmonics. The series inductanceis composed 
of the leakage reactance of the transformer and‘ a small 
lumped reactance in each phase. ‘ 
The normal output waveform of this inverter is 

shown in FIG. 5(a) which illustrates normal line-to-line 
output. ‘ 

CONTROLS 

FIG. 6 shows a block diagram of the controls. 
Analog Section 
The inverter output voltage and current are sensed 

by normal analog means. The sensed voltage is com 
pared to a reference, and the error voltage is ampli?ed 
to become the voltage command. When the output cur 
rent exceeds the current limit reference, the takeover 
circuit allows the current sensing to control the voltage 
command. This voltage command is changed to a digi 
tal number between zero and 768 by the analog-to 
digital converter. This number determines the phase 
displacement between the two sets of stepped waves 
forming the output, and thus determines the output 
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Frequency Control 
The frequency of inverter'output is determined by a 

high frequency crystal referenced oscillator. If the fre 
quency or phase of the inverter must be trimmed to ' 
match another source, the oscillator can be biased 
away from crystal frequency by 12% percent (2 1.5 Hz 
at 60 Hz) to accomplish this matching. 
Subcycle Current ‘Control 
The subcycle current control does not act on the 

voltage command, but rather imposes changes in the 
thyristor ?ring signals after they have been determined 
by the voltage command and frequency reference. The 
“hold” signal from the subcycle current control causes 
the voltage control functions to maintain a constant 
stepping pattern when the subcycle current control is 
active; 
Digital Section 
The digital thyristor timing control takes the digital 

information from the frequency reference clock and 
from the digital voltage command and forms timing sig 
nals for firing the 24 thyristors. The output signals of 
the digital thyristor timing control consists of two sets 
of six square waves. Within each set the waves are sepa 
rated by exactly 30° electrical °. The leading set is 
phased ahead of a reference phase by an electrical 
angle proportional to the voltage command, alpha. The 
lagging set is phased behind the reference by this same 
angle. ' 

In order to form these gating signals, the 184 KHZ 
frequency reference clock pulses are counted down to 
form a digitalreference ramp which sweeps from zero 
to full count during each 16.667 millisecond cycle. The 
magnitude of the digital voltage command is continu 
ously added to this digital reference ramp to form a dis 
placed ramp. Twelve decoders monitor this displaced 
ramp to select times for firing the 12 leading thyristors. 
For the 12 lagging thyristors, the digital voltage com 

mand is subtracted from the reference ramp and the re 
sulting displaced ramp is decoded by circuitry identical 
to that on the leading side.'The subcycle current con 
trol logic is interposed between the lagging decoders 
and the gating signals. In normal operation thesubcycle 
current control logic passes these signals-unchanged. 
Logic Hardware 
Although the operation of the digital logic is precise 

and of high resolution, it is not complex to implement. 
The digital blocks are chosen to use standard T’L com 
plex function logic. These standard logic functions are 
available in dual in-line packages from several vendors. 
The total thyristor timing logic including subcycle cur 
rent control is built on three 8 inch square printed cir 
cuit boards. . - 

Current Control in Overloads 
A major advantage of the all-digital thyristor control 

- is the ?exibility it allows in the control of overload cur 
rents. Two current control features are shown in FIG. 
6, a slow current limit and the subcycle current control. 
The slow current limit acts to limit long-term overload 
current to 150 percent of inverter rated current. It acts 
through the voltage regulating path to reduce the out 
put voltage of all three phases when load current ex 
ceeds the limit setting. It is intentionally delayed so that 
it will have no effect on inverter output for the first 300 
milliseconds (18 cycles) of an overload or fault. 
The subcycle current control function is instanta 

neous in action. It senses currents at the inverting thy 
ristors and intervenes in the logic to control the ?ring 

8 
of the lagging thyristors to limit instantaneous current 

' to a value which can be commutated. It does not affect 
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the ?ring times of all the lagging thyristors, but only 
those which must be changed in order to maintain com 
mutation margin. 
Concept of the Subcycle Current Control 

In order to discuss the operation of the subcycle cur 
rent control, it is necessary to visualize the power sec 
tion as comprising six single phase bridge inverters or 
sub-inverters. Referring to FIG. 5, it can be seen that 
the four thyristors SCRl, SCR4, SCRl', and SCR4’ are 
connected to the two ends of a transformer winding. 
There are no other thyristors connected to this wind 
ing, so these four can be considered as a single phase 
bridge inverter as shown in FIG. 7. 
Each single phase bridge inverter would be identical 

to that shown in FIG. 7 if so drawn. Shown in FIG. 7 
are the reverse diodes (CR-1, CR-l', CR-4 and CR4’) 
in parallel with each SCR which are not shown in FIG. 
5, but are essential to operation of the inverter. Not 
shown in FIG. 5 or 7 are the commutating circuits nec 
essary to turn off the inverter SCR’s. Many commutat 
ing circuit con?gurations would be suitable. 
Many single phase inverters have been built of a sin 

gle bridge ‘inverter such as shown in FIG. 7. Many of 
these inverters have been protected'from faults by a 
fast acting current limit which senses current in the po 
sition of CTl and terminates the quasi-square wave 
pulse at the instant load current exceeds a pre set value. 
As for example, see US. Pat. No. 3,378,751 to LB. 
Walker. FIG. 7(a) shows the operation of such a single 
phase inverter using this method of instantaneous cur 
rentv limit. The lagging side thyristors are caused to 
commutate at the instant the current exceeds the limit 
value, thus terminating the power pulse. 
Referring now to FIG. 7(b), the waveforms illus 

trated therein are’ the waveforms in the circuit of FIG. 
7 under normal operating conditions. The magnitude of 
the phase displacement 11: between the leading and lag 
ging inverter half-bridges determines the magnitude of 
the fundamental component of the output voltage of 
this single phase bridge. The current waveform shown 
in FIG. 7(b) is partitioned and labeled as to which of 
the semiconductors‘on the lagging side carriers each 
portion of the current cycle. 
FIG. 7(c) shows the waveforms in the circuit of FIG. 

7 (the numerals l,l',4,4', in the ?gure designate the 
SCR’s, SCR], SCRl', SCR4, SCR4’) when a severe 
overload is applied to the inverter. The overload is ap 
plied at time one. At this time SCRl and SCR4’ are in 
conduction. The current rapidly begins to rise. At time 
two, the current reaches the limit level at which the 
subcycle current control acts. When the subcycle cur 
rent control circuit senses that the current in SCRl and 
SCR4’ has reached the limit level, it puts out a pulse 
(last line of FIG. 7(c)) which causes SCRl' to begin to 
conduct and SCR4’ to extinguish. This causes the out 
put voltage A-B to be clamped to zero forthe remain 
der of this half cycle. The effect of this change in A-B 
voltage is to lower the output voltage of the inverter on 
the phase which is overloaded. The manner in which 
this effect takes place will be discussed later. For the 
present, observe that the current in FIG. 7(c) does rise 
more slowly after time two and soon returns below the 
limit setting. 
At time three the next half cycle starts, initiated by 

the normal switching of the leading SCR’s, SCRl and 
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SCR4. At this time, the current is still slightly higher 
than the limit setting. The subcycle current control 
does not act because the current polarity disagrees with 
the voltagepolarity. That is, the current is ?owing in 
diodes CR4 and CR1’ rather than SCR’s, so there is no 
action from the commutation limit. When the current 
reverses after time 3, it does flow in a lagging SCRrBe 
fore the output load current rises 'to the limit setting, 
the output power ‘transformer in the inverter saturates. 
This is due to the unsymmetrical voltage applied to this 
transformer due to the previous short half cycle. The 
saturation of this transformer places a surge current in 
the inverter SCR's. At time four the current‘in the 
transformer primary reaches the limit setting and the 
commutation limit circuit reverses the two lagging side 
SCR's. This removes the voltage from the saturated 
transformer core leg until the next half cycle. 
commutation limit continues to control the action of 

the lagging side of the inverter to limit SCR current due 
to the overload, or due to transformer saturation until 
the overload is removed at time eight. After one more 
transformer saturation event, the operation of the cir 
cuit returns to normal. 
Extension'to a 12 Step Inverter 
This concept can be applied to a multi-step inverter 

if the inverter can be broken down into a multitude of 
single phase bridge inverters. The operation is simple 
in concept, but may be much harder to implement than 
the case of one single phase inverter. Problems arise 
because: ' v 

I. In a stepped wave inverter with goodtransient dip 
and overshoot on load changes, filter impedance 
,must be much smaller than that on a single phase 
bridge inverter. This allows fault currents ‘to rise 
rapidly and requires fast action to prevent commu 
tation failures. ' 

2. The terminating of one power pulse in a 12 step in 
verter does‘not snap the output voltage to zero, but 
merely reduces it somewhat. If the fault is a single 
.phase fault, only a few sets of thyristors may be 
overloaded. The voltage contributed to the faulted 
phase by the other thyristors will cause the current 
in the overloaded thyristors to continue to rise even 
after the power pulse is terminated on the over 
loaded thyristors. _ 

3. In a multi-step inverter, many signal phase bridge 
inverters are cross-coupled ‘both magnetically (by 
sharing the core of a multiphase transformer) and 
directly (by having secondaries seriesed in a com 
plex manner). Any attempt to voperate the thy 
ristors transiently in an assymertical mode usually 
sets up ferroresonant interactive oscillations which 
are difficult to terminate. _ 

1 4. Most circuits for commutating the inverter thy 
ristors willnot allow a second commutation imme 
diately followin'g'a commutation. Should the con 
trols ever call for such an operation of the thy 
ristors, a commutation failure will occur. 

These and other problems have made the application 
of an instantaneous current limit on the individual thy 
ristors of a 12 stepv inverter a difficult and complex de 
sign problem in the past years. - 
The use of high speed digital logic, in accordance 

with the principles of the present invention, for the 
control of thyristor firing has reduced this difficult 
problem to an orderly design'procedure. Based on the 
current magnitude at all thyristors and the recent his 
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' Mode of Operation 
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tory of thyristor ?rings, logical expressions can be writ 
ten for. the options which are open to the firing logic at 
any instant. When these logical expressions are imple 
mented, they cause the inverter to act as though each 
bridge inverter were a single phase bridge acting only 
to protect itself from overcurrent. The actual actions‘ 
are restricted by the logic to those which will not cause 
problems in other stages. The subcycle current control 
equipment consists only of this digital'l‘ogic and the cur 
rent detectors necessary to provide the logical inputs. 

Referring to FIG. 8, there is shown the effect on the 
output stepped wave when‘a line-to-line fault is applied 
on phase A-B. The circled number represent the SCR’s 
which are commutated off by the action of the subcycle 
current control to suppress the output voltage as 
shown. The unlabeled steps are normal steps of the 
SCR ?ring pattern. The resulting current waveform at 
the inverter output is also shown on FIG. 8. The subcy 
cle current control acts on each SCR when the current 
in that SCR reaches the limit setting. The limit settings 

‘ are the same number of amperes at each SCR. They ap 
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pear different when observed as inverter output current 
because the various SCR’s have different turns ratios in 
their output transformer windings. Thus it takes less 
output current to cause limting in the‘ 30° SCR’s 
(SCRll’ to 16’) than to cause limiting in the 0° SCR’s 
(SCRl' to 6') on a line-to-line fault. The opposite is 
true in a line—to-neutral fault, due to the numbers of 
turns in the windings involved. 

It can be noted on FIG. 8 that the inverter resumes 
its normal stepping pattern each time the output cur 
rent falls below the limit value. Even though the low 
output current is due to a normal 'zero crossing of the 
fault current, the inverter tries to resume full output 
voltage. This is the only way to be able to recover from 
a fault in much less than a half cycle. 
Implementation 
FIG. 8(a ) shows one simple implementation of the 

subcycle current control function. FIG. 8(b) is a timing 
diagram showing wave form during the operation of the 
circuit of FIG. 8(a). The conduction of the four SCR‘s 

, in the single phase bridge of FIG. 7_is controlled by the‘ 
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Q and 6 outputs of the ?ip-?ops FF 1 and F F2. In nor 
mal operation of the inverter, evenly spaced ‘timing 
pulses control the position of these flip-flps. When the 
current signal I exceeds the reference V in positive p04 
larity, a pulse P+ is generated. If ‘FFl is in the Q position 
then the limit pulse P+will change the position of FF2 
to agree with that of FF 1. If FFZ already agrees with 
FFl, then the limit signal P+ will have no effect.‘If the 
1”’ occurs while FF] is in the 6 position then it has no 
effect. Similarly, the N-pulse will occur when the curj 
rent signal I exceeds the reference potential V in a neg 
ative polarity. The N-pulse causes FFZ to move to 
agree with the position of FFl if FF! is in the C posi 
tion. It can be observed that the apparatus described in 
FIG. 8(a) implements the mode of operation described 
in FIG. 7. Apparatus identical to that shown in FIG. 
8(a) would be provided for‘ each of the current trans 
formers CT-l through CT-6 in a complete implementa 
tion for the circuit of FIG. 5. 
FIG. 8(b), as stated, is a timing diagram for the, cir 

cuit of FIG. 8(a) and although the operation of circuit 
of FIG. 8(a) is not set forth in detail herein‘, the steps 
of operation thereof are shown in the timing diagram 
and may be readily understood by those skilled in the 
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art with reference to the description of the paragraph 
entitled Implementation, immediately above. 
Obvious Variations 
The subcycle current control approach described 

herein can also be used in inverters where the single 
phase inverter which is controlled by subcycle current 
control does not also vary in timing to control output 

1 voltage level. The subcycle current control approach, 
or slight variations of it, can be used where the normal 
switching pattern of the single phase inverter is more 
complex than that shown in FIG. 7(b). The reference 
potential V is not necessarily a ?xed potential, but may 
vary with the commutation capability of the inverter 
‘stage (or with any other suitable variable). 

SYSTEM EFFECTS OF SUBCYCLE CURRENT 
CONTROL 

Short Term Overloads 
The short term overload performance of the inverter 

is characterized by an instantaneous current limit on 
each phase with instantaneous recovery to normal volt 
age. FIG. 9 shows a diagram oscillogram of three phase 
voltages ‘and currents during a linep-to-line fault on 
phase AB. The detail on the oscillogram is hard to fol 
low so a section of the traces has been redrawn as FIG. 
l0.'When the fault is applied, the current immediately 
rises to almost double rated value on phases A and B. 
Voltage on phases BC and CA is almost undisturbed. 
The subcycle current control depresses output voltage 
on phase AB to a very low value to control thyristor 
current while the fuse is melting. After 3.1 milliseconds 
the fuse melts and begins to arc. The voltage jumps up 
to the value of the fuse arc drop voltage immediately. 
After about I millisecond of arcing the fuse current ex~ 
tinguishes. Immediately the disturbance is over; all 
phase voltages and currents are essentially normal. 
Note that the duration of the voltage dip was controlled 
by the fuse, not by the inverter. The inverter is ready 
to resume full voltage immediately. 
Long Term Overloads 
FIG. 1 1 is sketched from oscillographic recordings of 

a phase A to B line-to-line fault with no fuse or circuit 
breaker to remove the fault. For the ?rst 0.30 seconds 
the fault current is limited only by the subcycle current 
control and peak current reaches twice rated. This cur 
rent is delivered on the ?rst half cycle of the fault and 
on all subsequent cycles for the first 0.30 seconds. 
Voltage on phase CA isnormal; that on phase BC is de 
pressed by 15 percent. If the fault had been removed 
at any time during the initial 0.30 seconds, voltage 
would have immediately returned to normal. 

It is assumed that any protective fuses or circuit 
breakers will have opened by 0.30 seconds after the 
fault. If the overload or fault persists beyond 0.30 sec 
onds, the slow current limit acts to gradually reduce the 
output voltage of all phases until the current drops low 
enough to cease action of the subcycle current control. 
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Thisrestores symmetry to the three phase output. Fault . 
current will then be regulated at a value of 150 percent 
of rated inverter current by the current limit. 
Upon fault removal, the voltage recovers slowly since 

it is recovering from the. action of the slow current 
limit. 
lnrush Loads .‘ 
The response of the inverter in the case of inrush 

loads is to deliver all the current of which the inverter 
is capable, despress voltage‘ only as much as necessary 
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to limit current, and restore normal voltage ‘during 
those portions of the cycle when the inrush current 
does not exceed the inverter current capability. 
Consider for example the inrush current on energiz 

ing a large three phase transformer. The inrush current 
on a normal transformer may have a peak value 20 
times the normal full load peak primary current. FIG. 
12 shows typical traces of the voltage and current when 
a transformer is energized from a utility line. 

If the source of this current was a UPS, it is likely that I 
the current demand would cause the UPS to activate its 
fast current limit. The resulting voltage transient would 
be similar to that for a momentary fault. If the inverter 
current limit is of the type which acts through the regu 
lator, the voltage dip might be as bad as that shown in 
FIG. 3. 
FIG. 13 shows a typical trace of voltage and current 

when the inverter with subcycle fault current control 
supplies this inrush. The ?rst cycle inrush causes the 
inverter to reduce output voltage for a portion of the 
cycle. This “notch” missing from the positive half cycle 
helps the transformer to center its flux and causes sub 
sequent half cycles to have smaller inrush currents than 
would have occurred without the notch. 
FIGS. 14 and 15 show diagrammatic records of cur 

rent and voltage when a 75 KVA 480 V transformer is 
energized from a utility line and from the 200 KVA in 
verter with subcycle fault current control. FIG. 15 
shows the notched voltage waveform and the trans 
former inrush current peak reduced from 750 amperes 
on the utility to 350 ‘amperes on the inverter. Note in 
FIG. 15 that the voltage distortion which is caused by 
the limiting of inrush current does not affect the peak 
of any voltage cycle. Thus critical loads which were al 
ready connected when this transformer was energized 
should not have been disturbed by this transient. 
The digitally controlled stepped wave,inverter with 

subcycle current control is a significant improvement 
in trouble-free application of UPS systems to critical 
loads. The inverter produces unusually precise power 
in normal operation and the best possible‘ response in 
overloads, inrush loads, and faults. In case of a fault, it 
provides the maximum possible fault current and mini 
mum possible outage time. In case of inrush loads ex 
ceeding the inverter capability, it acts to limit the in 
rush with a minimum degradation of power quality to 
other loads. 
The performance of this inverter is a major contribu 

tion to the solution of the problem of providing uninter 
ruptible power to a critical load despite faults in the 
critical load equipment. 
Having thus described my invention, 1 claim: 
1. In combination with a three phase inverter, said 

inverter being characterized as comprising a plurality 
of single phase sub-inverters whose outputs are com 
bined to form the total inverter output wherein the har- , 
moniccontent of the total inverter output is lower than 
the output of one single phase sub-inverter, the im 
provement which comprises: 
means responsive to load faults for limiting instanta 
neous curren in each of the sub-inverters to a pre 
determined value during load faults, said means 
being operative to limit current in the one or more 
subinverters in which there is an overcurrent re 
sulting from a load fault. 

2. In combination with an inverter of the type com 
prising a set of at least two single phase sub-inverters 
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whose outputs are combined to form the total inverter 
output and, in which, the output of each} of the sub 
inverters is of the same frequency but at a different 
time phase with respect to each other such that the 
combined output of the sub-inverters has lower har 
monic content than the output of a single sub-inverter, 
and wherein the voltage regulation means of the in 
verter causes changes in the output waveform of each 
subinverter such that the waveforms of the sub 
inverters remain substantially identical to each other at 
all positions of the voltage regulating function, and fur 
ther wherein, means are provided for producing con 
trol signals which control the sub-inverters and the out 
put voltage of each of them, the improvement which 
comprises: 
means responsive to load faults for limiting instanta 
neous current in each of the sub-inverters to a pre 
determined value during load faults, said means 
being operative, as required, to limit current in one 
or more overloaded sub-inverter of the set, said 
means comprising: 

a. electric circuit apparatus operatively connected to 
each sub-inverter for sensing current at each sub 
inverter; ' 

b. detection means operatively connected to .the 
electric circuit apparatus for detecting when the 
current magnitude of each sub-inverter is ap 
proaching the predetermined value; and 

c. electric circuit logic means operatively con 
nected to the detection means for modifying the 

' signals controlling the sub-inverters such as'to 
cause the output voltage of the sub-inverters to 
be changed in a manner tending to reduce any 
overcurrent in the one or more sub-inverters in 
which there is an overcurrent resulting from a 
load fault. 

3. An inverter as recited in claim_2 wherein said elec 
tric circuit apparatus comprises current transformer 
means. 

4. In combination with a three phase inverter whose 
un?ltered output waveform contains no harmonics 
lower than the 11th, said inverter being further charac 
terized as comprising at least one three phase trans 
former having primary and secondary windings, and a 
set of six single phase subinverters whose outputs are 
combined to form the'total inverter output, the im 
provement which comprises: 
means responsive to load vfaults for limiting instanta 
neous current in each of the sub-inverters to a pre 
determined value during load faults, said means 
being operative to limit current in the one or more 
subinverters in which there is an overcurrent re 
sulting from a load fault. 

5. An inverter as recited in claim 4 wherein said 
means comprise: 

a. a plurality of current transformer means, each cur 
rent transformer being operatively connected to a 
sub-inverter and each being operatively connected 
in circuit with the primary winding of the three 
phase transformer associated with each sub-. 
inverter for sensing current at each sub-inverter in 
the circuit of the primary winding in each sub 
inverter; 
b. detector means operatively connected to each 
current transformer means being detecting when 
the current magnitude of each sub-inverter is ap 
proaching the predetermined value; and circuit 

15 

20 

-25 

35 

40 

50 

55 

60 

65 

14 
c. electric circuit logic meansf operatively connected‘ 

to the detector means for modifying the output 
voltage of the sub-inverters in a manner tending to 
reduce any overcurrent in the one-or more sub 
inverters in which there is an overcurrent resulting 
a load fault. 

6. In combination with a solid state inverter utilizing 
silicon controlled rectifiers and of the type known as 
the “12 step” or “first harmonic the 11th” three phase 
inverter, the inverter being regulated by vector addi 
tion at the three phase transformer primary windings 
thereof, said inverter being further characterized as 
comprising a set of six single phase sub-inverters whose 
outputs are combined to form the total inverter output 
which appears across the output terminals of the three 
phase secondary windings of the transformer, the im 
provement which comprises: - 

a. means responsive to load faults for limiting instan 
taneous current in thesub-inverters to a predeter 
mined value during a load fault, said means includ 
ing: 

. a plurality of current transformer means, each cu 

rent transformer bieng operatively connected to a 
sub-inverter and each being operatively connected 

. in circuit with the primary winding of the three 
phase transformer associated with each sub 
inverter for sensing current at each sub-inverter in 
the ciruit of the primary winding in each sub 
inverter; . 

ii. detector means operatively connected to each 
‘current transformer means for detecting when 
the current magnitude of each subinverter is ap 
proaching the predetermined value; and, 

iii. electric circuit logic means operatively con 
nected to the detector means for modifying the 

‘ output voltage of the sub-inverters in a manner 
which reduces any overcurrent in the one or 
more sub-inverters in which there is an overcur 
rent resulting from a load fault. 

7. In combination with an inverter of the type com 
prising a set of at least two single phase sub-inverters 
whose outputs are combined to form the total inverter 
output and which includes a multiphase transformer 
having primary and secondary windings and means to 
limit the instantaneous current of thesub-inverters to 
a predetermined value in the event of a load fault, 
which load fault if re?ected as an overload in one or 
more of the sub-inverters, the improvement which 
comprises: i i 

a. means for modifying the operation of one or more 
of the subinverters in the event of a load fault such 
as to limit the instantaneous current in the sub 

- inverters to a predetermined magnitude higher 
than said predetermined value during an overload 
in one or more of the sub-inverters, operation of 
such current control during a given half cycle not 
changing the operation of the inverter in the subse 
quent half cycles except as required by overcurrent 
conditions in said subsequent half cycles, said 
means including a plurality of current sensing 
means, each current sensing means being opera 
tively connected to a sub-inverter and each being 
operatively connected in circuit with the primary 
winding of the multiphase transformer associated 
with each sub-inverter for sensing current at each 
sub-inverter in the circuit of the primary winding in 
each sub-inverter, the arrangement being such that 
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said means is not directly sensitive to total inverter 9. An inverter as- defined in claim 8 ' wherein said 
output current and the total inverter output current means further includes; 
may be safely considerably large!‘ than Said PFede' a. detctor means operatively connected to each cur 
termined value than if the current sensing means rent transformer means for detecting when the cur 
were located in circuit with the secondary winding 
of the multiphase transformer associated with each 
subinverter and the means to limit the instanta- b l . t.‘ l t d t th d t ‘t 
neous current to a predetermined value was set to ' 0816 means opera we y conncc e o e e co or 

limit the instantaneous current in the most over- I means for modifying the output voltage of the sub‘ 
loaded subinverten l0 inverters in a manner tending to reduce any over 

8. An inverter as de?ned in claim 7 wherein said cur- current in the one of more Sub-inverters in which 
rent sensing means comprise current transformer there is an overcurrent resulting from a load fault. 
means. * * * * * ' 

rent magnitude of each sub-inverter is approaching 
the predetermined magnitude; and, a 
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